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ABSTRACT
We use the two-components bipolar toy model of core collapse supernova (CCSN) ejecta to fit the
rapid decline from maximum luminosity in the light curve of the type IIb CCSN SN 2018gk. In this
toy model we use a template light curve from a different CCSN that is similar to SN 2018gk, but that
has no rapid drop in its light curve. The bipolar morphology that we model with a polar ejecta and
an equatorial ejecta increases the maximum luminosity and causes a steeper decline for an equatorial
observer, relative to a similar spherical explosion. The total energy and mass of our toy model for
SN 2018gk are ESN = 5 × 1051 erg and MSN = 2.7M. This explosion energy is more than what
a neutrino-driven explosion mechanism can supply, implying that jets exploded SN 2018gk. These
energetic jets likely shaped the ejecta to a bipolar morphology, as our toy model requires. We crudely
estimate that f ≈ 2− 5% of all CCSNe show this behavior, most being hydrogen deficient (stripped-
envelope) CCSNe, as we observe them from the equatorail plane. We estimate the overall fraction of
CCSNe that have a pronounced bipolar morphology to be fbip ≈ 5− 15% of all CCSNe.
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1. INTRODUCTION
The structures of some remnants of core collapse su-
pernovae (CCSNe) and observations indicating polari-
sation in a number of CCSNe (e.g., Wang et al. 2001;
Maund et al. 2007; Milisavljevic et al. 2013; Gonza´lez-
Casanova et al. 2014; Margutti et al. 2014; Inserra et al.
2016; Mauerhan et al. 2017; Grichener, & Soker 2017;
Bear et al. 2017; Garc´ıa et al. 2017; Lopez & Fesen 2018)
show the non-spherical explosion nature of at least these
CCSNe. Some observations suggest the action of jets in
at least a fraction of CCSNe, in particular in those rem-
nants that have morphological features similar to those
of some planetary nebulae that are shaped by jets (e.g.,
Bear, & Soker 2018; Bear et al. 2017; Akashi et al. 2018).
An example is the presence of two opposite protrusions
from the main body of a CCSN remnants (‘Ears’) that
resemble some Ears in planetary nebulae where jets are
active (e.g., Bear et al. 2017). Jets with an energy of
only ≈ 1 − 10% of CCSN ejecta energy can account
for the presence of Ears (Grichener, & Soker 2017). To
these we can add the recent claim by Bose et al. (2019)
for a bipolar 56Ni morphology in the Type II-P CCSN
SN 2016X (ASASSN-16at). The point to take is that
jets can shape the ejecta of some CCSNe to a bipolar
structure (e.g., Orlando et al. 2016; Bear, & Soker 2018).
There are models where only if the pre-collapse core
has fast rotation the newly born neutron star (NS) or
black hole launch jets (e.g., Khokhlov et al. 1999; Aloy
et al. 2000; Ho¨flich et al. 2001; Burrows et al. 2007;
Nagakura et al 2011; Takiwaki & Kotake 2011; Laz-
zati et al. 2012; Maeda et al. 2012; Bromberg et al.
2014; Mo¨sta et al. 2014; Lo´pez-Ca´mara et al. 2014;
Bromberg & Tchekhovskoy 2016; Lo´pez-Ca´mara et al.
2016; Nishimura et al. 2017; Feng et al. 2018; Gilkis
2018). The demand for a rapidly rotating pre-collapse
core makes these mechanisms for jet launching rare. In
the jittering jets explosion mechanism (which is within
the general frame of the jet feedback mechanism; for a
review see Soker 2016), on the other hand, stochastic
angular momentum of the mass that the newly born NS
or black hole accrete leads to the formation of an in-
termittent accretion disk, that it turn launches jittering
jets. (e.g., Papish & Soker 2011; Gilkis & Soker 2014,
2015; Quataert et al. 2019). The jittering jets explo-
sion mechanism does not require the pre-collapse core
to rotate.
In some cases we expect the morphology of the CCSN
ejecta to have a large axisymmetrical departure from a
spherical symmetry, and instead of two Ears to have two
very large bipolar lobes. This might be the case when
late energetic jets follow the explosion in the frame of
the jet feedback explosion mechanism (e.g., Gilkis et al.
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22016), when the last jet-launching episode of the jit-
tering jets explosion mechanism launches energetic jets
that inflate large bipolar lobes (or very large Ears), and
in the neutrino driven mechanism if there is a massive
enough fall back that is accreted through an accretion
disk. Stockinger et al. (2020) obtain an accretion disk
in their simulations of neutrino driven explosions, but to
form the large bipolar lobes we study here the fall back
flow should be more massive. Another possibility is that
a binary companion spins-up the pre-collapse envelope,
leading to a bipolar explosion (Chevalier, & Soker 1989).
In a recent paper we described the effect that such
a bipolar explosion might have on the light curve of a
CCSN for an observer in the equatorial plane of the
bipolar structure (Kaplan & Soker 2020b). We built a
geometrical toy model for the ejecta, that we describe
here in section 2. We found that an observer located in
and near the equatorial plane will find a more rapid lu-
minosity decline than in a spherical explosion, and even
an abrupt luminosity drop. In this study we apply this
toy model (section 2) to the recently observed SN 2018gk
(ASASSN-18am; Bose et al. 2020). In section 3 we es-
timate the fraction of CCSNe that are bipolar and that
we observe from their equatorial planes. We summarise
our results in section 4.
2. A BIPOLAR TOY MODEL FOR SN 2018GK
2.1. The geometrically modified light curve
The details of the two-components bipolar toy model
that leads to the geometrically modified light curve that
we study here, and the justifications for using this toy
model are in our earlier paper (Kaplan & Soker 2020b).
We summarise here only the very essential parts.
We construct the ejecta from two components, the
polar ejecta that is the ejecta within an angle of θ <
θ0 from the symmetry axis, and an equatorial ejecta
that is in the section θ0 ≤ θ ≤ 180◦ − θ0. Namely,
within a section bounded by the angle of 90◦ − θ0 from
the equatorial plane and on both sides of the equatorial
plane. We calculate the expansion of the polar ejecta
(equatorial ejecta) as if it is a spherical shell of mass
Mpo (Meq) and an energy of Epo (Eeq). The actual
total mass and total energy of the polar ejecta in both
sides of the equatorial plane, and those of the equatorial
ejecta are
Mpo,θ0 = (1− cos θ0)Mpo; Epo,θ0 = (1− cos θ0)Epo
Meq,θ0 = cos θ0Meq; Eeq,θ0 = cos θ0Eeq,
(1)
respectively.
The spherical expansion according to which each com-
ponent expands is that of a spherical explosion accord-
ing to Chevalier, & Soker (1989) as in equations 1-6 of
Suzuki & Maeda (2019) with δ = 1 and m = 10. The
density profile is
ρ =
Kt
−3E−3/2M5/2
(
r
tvbr
)−1
r ≤ tvbr
Kt−3E−3/2M5/2
(
r
tvbr
)−10
r > tvbr,
(2)
where K is a numerical constant and where the
break in the density profile is at a velocity of vbr =
1.69(E/M)1/2. We calculate the location of the pho-
tosphere to be where the optical depth to infinity is
τ = 2/3 under the assumption of a constant opacity
κ (see equations 3-4 in Kaplan & Soker 2020b for the
location of the photosphere).
We further assume that the entire photosphere, both
of the polar component and of the equatorial compo-
nent, has a uniform time-dependent effective tempera-
ture. The uniform temperature implies that the lumi-
nosity of ejecta at any given time is
Leff(t) = 4σAcross(t)T
4
eff(t), (3)
where Across is the projection (cross section) of the pho-
tosphere on the plane of the sky, and σ is the Stefan-
Boltzmann constant.
We do not calculate radiative transfer and for that
cannot calculate the light curve directly. We rather use
an observed light curve of another CCSN that has a
similar light curve shape but that does not have a rapid
drop after maximum. We take this template light curve
to be, up to a scaled luminosity, the luminosity of a
spherical CCSN, Lsp,eq(t), that has properties like the
equatorial ejecta, namely total mass an energy of Meq
and Eeq, respectively.
The usage of the template light curve and equation (3)
with a uniform effective temperature give the expression
for the geometrically modified light curve of the non-
spherical ejecta
LSN(t) = Lsp,eq(t)
Across(t)
Asp,eq(t)
, (4)
where Asp,eq(t) is the projection (cross section) of the
photosphere of a spherical ejecta on the plane of the
sky. For the calculation of the ratio of the cross sections
(ratio of projected areas) and then the light curves, we
use MATLAB.
Since we take the mass of the polar ejecta to be smaller
than the equatorial mass, and its energy larger than
that of the equatorial ejecta, the polar ejecta expands
much faster. At early times the polar ejecta inflates a
larger photosphere. This, by equation (4), results in
a brighter CCSN. The additional energy comes from
the jets that inflate the CCSN. At later times the po-
lar ejecta becomes optically thin and its photosphere
3becomes very small. This causes a rapid drop in lumi-
nosity for an observer in and near the equatorial plane,
because now the equatorial ejecta hides the deep polar
photosphere. Namely, for an equatorial observer at late
times Across(t) < Asp,eq(t). We next demonstrate this
geometry.
2.2. Evolution of the photosphere
We present in Fig 1 the shape of the photosphere of
the two-components bipolar toy model at five times. We
calculate the photosphere, i.e., where the optical depth
to infinity along a radial line is τ = 2/3, for the den-
sity profile of equation (2), but separately for the po-
lar and equatorial components (equations 3-4 in Kaplan
& Soker 2020b). The opacity in this case is κ = 0.3
and the angle of separation between the two compo-
nents is θ0 = 70
◦. As we explain in section 2.1, each
of the two ejecta components expand as if it is part of
a spherical explosion. For the model we plot in Fig.
1 the masses and energies of the spherical explosions
are Mpo = 1.5M, Epo = 6 × 1051, Meq = 5M,
Eeq = 3 × 1051, respectively. The actual masses and
energies are according to equation (1), such that the to-
tal energy and mass of our model with these parameters
are ESN = (1 − cos θ0)Epo + cos θ0 Eeq = 5 × 1051 erg,
and MSN = (1− cos θ0)Mpo + cos θ0 Meq = 2.7M. We
note that Bose et al. (2020) estimate the mass and en-
ergy of the ejecta of SN 2018gk to be M18gk ' 3.4M
and E18gk ' (5− 9)× 1051 erg, respectively.
Fig. 1 quantitatively presents the main property of the
bipolar model. At early times the photosphere is larger
in the polar directions (the gas within θ0 = 70
◦ from
the symmetry axis x = y = 0) because the polar ejecta
moves faster. These are the blue line at t = 2 days,
the red line at t = 15 days, and the yellow line at
t = 40 days. The optical depth decreases faster in the
polar regions, until it becomes optically thin in our toy
model. Therefore, the photosphere moves inward in the
polar ejecta, as we see by the purple line at t = 70 days.
The cross section of the ejecta for an equatorial observer
decreases, and so is the luminosity (eq. 4). At even later
times the equatorial ejecta hides the polar photosphere
from an equatorial observer, as the green line presents
at t = 130 days.
2.3. Fitting the light curve of SN 2018gk
We Perform the steps that we described in section 2.1
to find the best fit of our bipolar toy model to the light
curve of SN 2018gk (SASSN-18am). We first smooth
the light curve of SN 2018gk, the absolute magnitude
in V band, as Bose et al. (2020) present in their figure
2. We present it by the thick-green line in Fig. 2. We
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Figure 1. The projection of the photosphere (cross section)
of our two-components bipolar toy model for an equatorial
observer at five times. Namely, the lines show the photo-
sphere in the meridional plane at five times. We list the
parameters of the model for this case in the figure. Each
color represents the photosphere at a different time as we
indicate in days. At early times (here of 2, 15 and 40 days)
the photosphere of the polar ejecta expands faster than the
photosphere of the equatorial ejecta. At later times (here of
70 and 130 days) the outer parts of the polar ejecta becomes
optically thin, and the photosphere in the polar directions
rapidly recedes.
assume that most of the emission near the maximum is
in the V band. We next find a CCSN that has a simi-
lar shape to the light curve of SN 2018gk but without
the rapid drop after maximum, as it is this rapid drop
that we want to explain. From the comparison that
Bose et al. (2020) make between SN 2018gk and others,
we find that CCSN ASASSN-15nx has the appropriate
light curve (Bose et al. 2018), L15nx(t). Namely, we take
the template light curve of a spherical CCSN with the
properties of the equatorial ejecta in our toy model to
be Lsp,eq(t) = βL15nx(t), where beta is a scaling factor.
We use the scaling factor as we do not expect the CCSN
that serves as the template light curve to have the exact
same luminosity as that of the equatorial ejecta in our
toy model. We draw Lsp,eq(t) by the thick-red line in
Fig. 2 for β = 0.48. Namely, we moved the light curve
of CCSN ASASSN-15nx, L15nx(t), vertically down by an
absolute magnitude of 0.8. We note that in this figure
the discovery time of ASASSN-15nx is at t = 10 days.
4We extended the light curve to early times, left to the
vertical line on the figure, by a linear fit because to cal-
culate the light curve we need to start shortly after the
explosion. We emphasise that this continuation of the
light curve does not influence our results and conclu-
sions, since we fit only the peak, so the shape of the
light curve before the peak is irrelevant to our model
and serves only a technical purpose.
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Figure 2. Fitting the observed absolute magnitude in V
band with the two-components bipolar toy model for an
equatorial observer. The thick-green line is the observed ab-
solute magnitude in V band of SN 2018gk that we base on
Bose et al. (2020). The thick-red line is the light curve of
a spherical explosion having the parameters we use for the
equatorial ejecta, Lsp,eq. We base the shape of the thick-
red line on the observed absolute magnitude in V band of
SASSN-15nx from Bose et al. (2018). We linearly extended
the observed light curve of SASSN-15nx to earlier times, left
to the vertical line on the figure. We require it for the fitting
by the toy model. The thin-blue line is the geometrically-
modified light curves as we calculate from equation (4).
Once we have the template light curve we search the
parameter space of our bipolar toy model (section 2.1)
to find a good fit to the light curve of SN 2018gk. We
find a set of parameters that yield a satisfactory fit to
the light curve of SN 2018gk. We presented the time
evolution of the photosphere of this set of parameters in
Fig. 1, and in Fig. 2 we present the light curve that
we obtain with these parameters by the thin-blue line.
The fit is not perfect, but we consider it adequate for
the simple two-components bipolar toy model we apply.
For example, the break in the light curve of SN 2018gk
is about 42 days from the peak, and in our model it is
about 54 days after the peak.
To explore the role of some parameters in the two-
components bipolar toy model we calculate the light
curves for six more cases and present their light curves
by the thin-blue lines in Fig. 3. The inset of each panel
lists the parameters that we vary with respect to the
parameters of our best fit that we present in Fig. 2. All
cases show a rapid drop, relative to the template light
curve, and then a break back to a shalower decline.
The conclusion of this section is that we can ade-
quately fit the light curve of SN 2018gk with our sim-
ple two-components bipolar toy model. We further can
constrain the parameters of this CCSN to have a to-
tal mas of Mtot ' 3M and a total kinetic energy to
Etot ' 5 × 1051 erg. These parameters are similar to
those that Bose et al. (2020) estimate.
The Neutrino driven explosion mechanism cannot
reach such a high explosion energy, whether this mech-
anism can work or not for low energies (e.g., Fryer
2006; Fryer et al. 2012; Papish et al. 2015; Sukhbold et
al. 2016; Sukhbold & Woosley 2016; Gogilashvili et al.
2020). This leaves an energetic explosion that is driven
by jets. These jets are likely to shape the ejecta into a
bipolar structure, as we demand for the bipolar model
we use in the present study. Our usage of the bipolar
toy model is compatible with the high explosion energy
of SN 2018gk.
3. THE FRACTION OF EQUATORIALLY
OBSERVED BIPOLAR CCSNE
We crudely estimate the fraction of observed CCSNe
that might show a light curve with the property that we
studied above. Namely, CCSNe that have a rapid drop
from maximum light and then a break to a shallower
decline, and which the model of a bipolar explosion with
an equatorial observer might account for.
The last jets of an explosion driven by jittering jets in
a progenitor with slowly rotating pre-collapse core might
inflate ‘Ears’. However, in most cases (but maybe not
in all) these ‘Ears’ are too small (section 1) to account
for a rapid drop in the light curve. According to the
bipolar model the explosion should inflate large polar
lobes. For that we require energetic jets or a flat rapidly
rotating progenitor (section 1). Both of these cases to
form a bipolar explosion require a binary companion to
spin-up the progenitor.
In the case of energetic jets that the newly born NS
(or black hole) launches the companion should spin-up
the core, such that the accreted gas has high specific an-
gular momentum that maintains the jets along a fixed-
axis. This requires that the companion spirals-in in-
side the progenitor envelope all the way to influence the
core, e.g., by tidal interaction. The companion likely re-
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Figure 3. The light curves as we describe in Fig. 2, but for different parameters of the two-components bipolar toy model
(which affect only the thin-blue line). In each panel we list the parameter(s) that we vary with respect to those of Fig. 2.
6moves most or all of the hydrogen-rich envelope to form
a stripped-envelope CCSN. Namely, the CCSN is a SN
IIb, a SN Ib or a SN Ic (SNe Ibc). SN 2018don that we
modelled in a previous paper (Kaplan & Soker 2020b)
and that has a light curve with an abrupt drop (Lunnan
et al. 2020), is a type Ic SN. The SN that we study here,
SN 2018gk is a Type IIb CCSN.
The fraction of stripped-envelope CCSNe (SNe Ib +
SNe Ic + SNe IIb) increase on average with the host
galaxy mass (e.g., Graur et al. 2017a,b). Approximately,
the fraction of stripped-envelope CCSNe out of all CC-
SNe is fSE ' 0.3 Graur et al. 2017b).
Only a fraction fs,SE of stripped-envelope CCSNe has
a binary interaction that spins-up the core such that it
launches energetic jets to form a bipolar explosion. This
fraction is the most uncertain factor in our estimate. We
expect that this fraction is relatively large for SNe Ic
that seem to require a binary companion, fs,Ic ≈ 0.5,
and smaller for SNe Ib and SNe IIb that maintain a
massive helium-rich layer, fs,b ≈ 0.1 − 0.3. But these
are more of a guess than a calculation.
From our two-components bipolar toy model in Ka-
plan & Soker (2020b) and in section 2 here, the observer
should be close to the orbital plane, within αO . 20◦
so that the equatorial ejecta hides the polar photo-
sphere at late times. This means that only a fraction of
fO = sinαO ' 0.35 of observers can observe the effect
we study here. Overall, the fraction of stripped-envelope
CCSNe that we might observe to have a rapid decline
and then a break because of a bipolar structure out of
all CCSNe is
fSE,CC ' fSEfSE,SE = fSEfs,SEfO ≈ 0.015− 0.05 (5)
where fSE,SE ≈ 0.05 − 0.15 is the fraction of these sys-
tems out of stripped-envelope CCSNe. In some of these
rapid decline CCSNe the effect will be too small to no-
tice, or might be smeared by other effects, such as inter-
action with a pre-explosion circumstellar matter (CSM).
Let us consider the case of SN II and SNe IIb where
there is an extended hydrogen-rich envelope. In these
cases a flatten envelope due to a common envelope evo-
lution (section 1) might also lead to the formation of
a dense and a slow equatorial ejecta and a faster polar
ejecta. In these cases, though, interaction with a CSM
might obscure the rapid declines. We expect such sys-
tems to contribute a small fraction to the systems we
study here.
Overall, our crude estimate is that the fraction of all
CCSNe that show a rapid decline in light curve due to
a bipolar explosion that we observe from the equatorial
plane is f ≈ 2− 5% of all CCSNe.
4. SUMMARY
We extended our study on the influence of a bipolar
CCSN ejecta on the light curve that an equatorial ob-
server measures, what we termed a “geometrically mod-
ified light curves” (Kaplan & Soker 2020b). In most
cases we attribute the bipolar morphology to energetic
jets that drive the explosion and shape the ejecta. We
built a two-components bipolar toy model (Fig. 1) to es-
timate the modifications on the light curve. We do not
calculate the light curve, but rather use a template light
curve that we base on a different CCSN that is similar
to the target CCSN, but that has no rapid drop in its
light curve. Overall, the bipolar morphology increases
the maximum luminosity and causes a steeper decline
for an equatorial observer, relative to a similar spherical
explosion (for more details of the toy model see Kaplan
& Soker 2020b).
In the first study (Kaplan & Soker 2020b) we applied
the two-components bipolar toy model to SN 2018don, a
SN Ic that has an abrupt drop in its light curve (Lunnan
et al. 2020). In this study we applied the toy model to
a SN IIb, namely, SN 2018gk with a rapid decline from
maximum luminosity (Bose et al. 2020). We could find a
good fit to this rapid decline with a break to a shallower
decline at a late time with our toy model (Fig. 2). In
Fig. 3 we explored the influence of some parameters in
our toy model.
The total energy and mass of our toy model for
SN 2018gk are ESN = 5 × 1051 erg and MSN = 2.7M,
respectively. These are similar to the values that Bose
et al. (2020) estimate. The main issue here is that the
explosion energy of SN 2018gk is E > 3×1051 erg, more
than what a neutrino-driven explosion mechanism can
explain. We take it to imply that energetic jets exploded
this CCSN. Such jets must shape the ejecta in a way
that might influence the light curve, that we examined
for equatorial observers.
We crudely estimate that f ≈ 2 − 5% of all CC-
SNe show this behavior (section 3). Most of these are
stripped-envelope CCSNe. To observe this rapid decline
the observer should be within an angle of αO . 20◦ from
the equatorial plane. The probability to be within this
angle is about 34%. Namely, we crudely estimate that
about fbip ≈ 5 − 15% of all CCSNe have a pronounced
bipolar morphology.
The main point that our present study emphasises is
that any analysis of luminous CCSNe should pay atten-
tion to bipolar ejecta morphologies. On a broader scope,
this study adds to the rich variety of effects that jets
might have during and after the explosion of CCSNe.
The next step in this line of study is to conduct two-
dimensional or three-dimensional hydrodynamical sim-
ulations of the jet-shaped ejecta (e.g., Akashi & Soker
72020 for late jets rather than at explosion), and to in-
clude radiative transfer. Such simulations will show the
light curve from all directions.
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